Purpose In pediatric alveolar rhabdomyosarcoma, the PAX3-FOXO1 and PAX7-FOXO1 gene fusions are prognostic indicators, while little is known concerning this disease in older patients. To determine whether PAX3/7-FOXO1 fusion gene status correlates with outcome in adolescent, young adult, and adult rhabdomyosarcoma patients, the histological, immunohistochemical, and clinical characteristics of 105 patients followed at The University of Texas MD Anderson Cancer Center from 1957 to 2001 were evaluated. Methods The samples were assembled into a tissue microarray, and fusion gene status was determined by Xuorescence in situ hybridization using PAX3, PAX7, and FOXO1 loci-speciWc probes. The disease characteristics and speciWc gene fusion were correlated with patient outcomes using the log-rank test.
Introduction
Rhabdomyosarcoma (RMS) is a rare, highly malignant mesenchymal neoplasm. While it is the most common soft tissue sarcoma in children, RMS incidence declines with age, representing less than 0.1% of adult malignancies and about 10% of all adult soft tissue sarcomas in the United States (Parham and Ellison 2006; Jemal et al. 2006) . Moreover, the Intergroup Rhabdomyosarcoma Study Group (IRSG) observed a relationship between age and survival in RMS patients Maurer et al. 1988; Maurer et al. 1993; Crist et al. 1995; Crist et al. 2001 ). The 5-year overall survival for adult patients with primary disease is a dismal 20-40% (Little et al. 2002) , whereas in children, it is between 60 and 80% (Crist et al. 1995) . In adult patients with metastatic disease, 5-year survival is less than 5% (Esnaola et al. 2001; Ferrari et al. 2003; Hawkins et al. 2001) .
RMS is divided into diVerent subtypes according to the histologic features. The main subtypes are alveolar RMS (ARMS), embryonal RMS (ERMS), and pleomorphic RMS. The speciWc histologic subtype is correlated with survival in both children and adults. Classically, ERMS has a better prognosis than either ARMS or pleomorphic RMS (Little et al. 2002; Raney et al. 2010) . A recent study demonstrated that ERMS and pleomorphic RMS likely share a same continuum of disease regarding mutational proWle (Rubin et al. 2011) .
Because of overlapping morphologic features, particularly with ERMS and solid pattern ARMS, molecular analysis is often used as a complementary diagnostic tool (Kohashi et al. 2008; Asmar et al. 1994; Morotti et al. 2006) . ERMS is the most common RMS subtype in adults and is characterized by a loss of heterozygosity in 11p15.5 (Scrable et al. 1989 ). In contrast, most ARMS are characterized by chromosomal translocations t(2;13)(q35;q14), resulting in the PAX3-FOXO1 fusion protein, or chromosomes 1 and 13, t(1;13) (p36;q14), resulting in the PAX7-FOXO1 fusion (Sorensen et al. 2002; Davis et al. 1994) . Furthermore, pediatric patients with fusion-positive (involving either PAX3 or PAX7) ARMS have shorter overall survival than those with fusionnegative ARMS. Lastly, in metastatic pediatric patients, a translocation involving PAX3 is associated with shorter overall survival than a translocation involving PAX7 (4-year overall survival: 75% for PAX7-FOXO1 vs. 8% for PAX3-FOXO1; P = 0.0015) (Sorensen et al. 2002) . Interestingly, according to the European Pediatric Soft Tissue Sarcoma Study Group (EpSSG), the patient outcomes and gene expression signatures of fusion-negative ARMSs are very similar to those of ERMSs (Williamson et al. 2010) . Because the IRSG recommendations indicate that the pathology subtype may inXuence the aggressiveness of the treatment choice according to risk stratiWcation guidelines , one of which is the PAX3/7-FOXO1 translocation in ARMSs, the translocation status is commonly assessed for pediatric patients with RMS (Barr et al. 2006) .
The diagnosis and treatment strategy for Adolescent and Young Adult (AYA) as well as adult patients with RMS is challenging (Bleyer 2005; Van Gaal et al. 2011 ) and often emulated from the childhood RMS guidelines (Miettinen 1988) . Indeed, only 27% of patients in IRSG III and IV studies were 10 years old or older. Attempts to justify this extrapolation frequently cite the unfortunate lack of speciWc studies for AYA and adults with RMS (Sultan et al. 2009 ). This leads to several concerns regarding the appropriate management for this patient population. First, there are no data to support the use of the same diagnostic, prognostic, and treatment approaches for these two distinct age-related subgroups, with what may also be distinct biological and clinical disease entities. Second, PAX3/7-FOXO1 fusion status has not been shown to be an important clinical or biological factor in adult patients; rather, there are limited data on translocation testing in this population and its clinical signiWcance.
To determine whether PAX3/7-FOX01 fusion gene status is associated with outcomes in AYA and adult RMS patients, a large panel of specimens of older patients followed at our institution was characterized by Xuorescence in situ hybridization (FISH) and these Wndings were correlated with speciWc clinicopathologic parameters.
Methods

Patient samples
One hundred and Wve formalin-Wxed, paraYn-embedded tissue samples from a database of 251 patients with RMS followed at The University of Texas MD Anderson Cancer Center between 1957 and 2001 were available for histological, immunohistochemical, and clinical evaluation. Slides of tumor-tissue samples were stained with hematoxylin and eosin at our institution to conWrm the diagnosis. Demographic and clinical data were abstracted from the patient records.
Histopathologic analysis
The formalin-Wxed paraYn-embedded (FFPE) tissue samples from patients with RMS were assembled into a TMA. Viable tumor was selected according to morphologic features and formatted as two 0.6 mm-diameter tissue cores into a standard 45 £ 20 mm recipient TMA paraYn block using a stainless steel stylet (Beecher Instruments, Silver Spring, MD). Finally, 4-m-thick sections were mounted on poly-L lysine-coated slides.
Fluorescent in situ hybridization
To assess the presence of PAX3, PAX7, and FOXO1 rearrangements, break-apart probes for PAX3, PAX7, and FOXO1 were employed as previously described (Bridge et al. 2000) . BrieXy, each probe was labeled by nick translation with either Spectrum-green or Spectrum-orangedeoxyuridine triphosphate which allowed the visualization of two colors by FISH (Fig. 1) . Fused or split red and green signals indicate, respectively, absence or presence of PAX and FOXO1 rearrangements.
Statistical analysis
Survival data were retrieved from patient records, and overall survival was measured as the time from diagnosis until death or the date of last contact (censored). The histologic type and speciWc gene fusion were correlated with patient outcomes using the log-rank test, and comparisons of metastasis frequency and gene fusions were made using the Chi-square test. Prism software was used to generate the Kaplan-Meier curves.
Results
Patients and tumor characteristics
Of the 105 patients included in our study, 85% were older than 10 years at diagnosis, with a median age of 19 years (range 0.3-102 years; Table 1 ). The alveolar subtype was identiWed in 37% of cases, the embryonal subtype in 52% of cases, and the pleomorphic subtype in 11% of cases. Only one specimen remained unclassiWed. The majority of tumors were localized, with the head and neck being the most common location. The median overall survival was determined for patients with ARMS (26 months), ERMS (31 months), and pleomorphic RMS (18 months) (Fig. 2a) . We analyzed separately patients with primary versus metastatic disease. Although the ERMS histology seemed to have a superior overall survival, we found no statistically signiWcant diVerence in overall survival among the alveolar, embryonal, and pleomorphic subtypes (Fig. 2b, c) .
IdentiWcation of PAX3/7-FOXO1 translocations in formalin-Wxed paraYn-embedded tumor specimens by tissue microarray
We next determined whether the PAX7-FOXO1 or PAX3-FOXO1 translocations could be detected by FISH in the TMA of samples from patients with RMS. From the two analyzed TMA slides, twenty-one (20%) samples were depleted or presented no tumor on the tissue microarray.
We were able to assess the result of the FISH experiments in 52 (63%) of the 83 adequate samples. The probes did not hybridize to 31 (37%) of the samples. The PAX3-FOXO1 fusion was found in 26% of these 52 cases, the PAX7-FOXO1 fusion in 8%, and no fusion in 65% (Table 2) . Among the histologically deWned ARMS specimens, 18 (67%) had a gene fusion, mostly PAX3-FOXO1 (52%). No fusion was detected in the pleomorphic subtype.
Outcomes of patients with fusion-positive RMS
We compared the group of patients with PAX3/7-FOXO1 fusion-positive RMS to those with fusion-negative RMS. We found that the patients with fusion-positive RMS showed a trend toward worse survival than those patients whose tumors were fusion-negative, although this trend was not statistically signiWcant, even in disease extension subgroups (Fig. 3) . When we compared the overall survival of patients with RMS by speciWc translocation, PAX3-FOXO1 versus PAX7-FOXO1, we found that the type of fusion was not correlated with survival, even when stratiWed by presence or absence of metastases, but the number of PAX7-FOXO1 cases was low (Fig. 4) . To determine how fusion-positive ARMSs behave clinically, we compared the overall survival of patients with ERMS, fusion-positive ARMS, and fusion-negative ARMS tumors. We found no signiWcant diVerences in overall survival between these 3 groups (Fig. 5) . However, there was a trend toward shorter survival for those patients with a translocation, but this trend did not reach statistical signiWcance (P = 0.15), possibly due to the small numbers. The fusionnegative ARMS and the ERMS groups showed similar outcomes, with several long-term survivors (Fig. 5a, b) .
Metastatic disease frequency in fusion-positive patients
To evaluate the eVect of PAX7/3-FOXO1 translocations on risk of metastasis, we calculated the percentage of patients with metastatic disease at diagnosis for patients with fusion-positive, fusion-negative ARMS and ERMS. There was a signiWcant increase in rate of metastatic disease for patients with fusion-positive ARMS (39%), compared with those whose tumor did not have a translocation (P = 0.0081, ² = 9.6; 2 degrees of freedom). ERMS and fusion-negative ARMS appeared similar in matter of metastatic disease frequency (22%; Fig. 6 ). Discussion RMS is a rare entity with limited data regarding molecular classiWcation and prognosis for patients over 10 years old (Wolden and Alektiar 2010) . Due to the sustained work of the IRSG within the past decade, treatment of childhood RMS is clearly deWned according to risk stratiWcation. Both histology subtype and fusion status are important criteria for classifying patients. IRSG guidelines recommend that RMS patients be followed at a specialized center and that the pathology should include the determination of the PAX3/7-FOXO1 fusion status Maurer et al. 1988; Maurer et al. 1993; Crist et al. 1995; Crist et al. 2001 ). The present work studied the relevance of the fusion assessment in older patient population including a majority of AYA and adult RMS patients. We found that the presence of PAX3/7-FOXO1 translocation was signiWcantly associated with a higher frequency of metastatic disease. Additionally, we found that patients with fusion-negative ARMS trended toward better outcomes than those with fusion-positive ARMS. Hence, we found that patients with fusion-negative ARMS tended to have overall survival times that were similar to those of patients with ERMS, which is in accordance with the recent EpSSG conclusions relative to childhood RMS that fusion-negative ERMS is clinically similar to fusion-negative ARMS (Williamson et al. 2010) . The type of translocation PAX3-FOXO1 or PAX7-FOXO1 did not show any prognostic signiWcance, even in the metastatic disease group.
Due to the rarity of RMS, we had to evaluate patients who had been followed from 1957 to 2001 and only 105 patients Wt our criteria. The small number of patients clearly impacted the statistical signiWcance of our analyses. Moreover, the age of the tissue samples appeared to aVect the FISH technique resulting, which explains why we were unable to analyze close to one-third of the specimens (Chang et al. 2009 ). Ideally, less than 2-5 years after Wxation in formalin and paraYn embedding is the threshold for a successful FISH analysis; in routine clinical practice, most will be tested within days to weeks of Wxation. The majority of our samples were older than this suggested guideline. Performing FISH on a TMA is also technically more demanding than using whole sections from a single case. Regarding a failure rate lower than 30% in these unfavorable specimen conditions, FISH analysis is a good option for identifying the PAX3/7-FOXO1 fusion in FFPE. Our study emphasizes both the diYculties with retrospective molecular studies of this rare disease and the need of speciWc studies regarding the relevance of PAX3/7-FOXO1 fusion assessment in AYA and adult RMS as a prognostic factor. 
